Radium isotopes can be analyzed by different analytical methods based on gamma spectrometric measurements or alpha spectrometry. An improved method was developed to determine radium isotopes from water using gamma spectrometry after radiochemical separation. The Radium was selectively extracted from acidified samples using co-precipitation procedure with iron hydroxide and followed by precipitation of radium as radium sulphate Ba(Ra)SO 4 . The precipitate Ba(Ra)SO 4 was filtered through the Millipore filter paper, dried and weighed to calculate chemical yield. 226 Ra and 228 Ra activities were measured using low-background gamma spectrometry in water samples. Radium was pre-concentrated from environmental samples by co-precipitation with BaSO 4 . The amounts of 226 
Introduction
Radium (Ra) isotopes are important from the viewpoints of radiation protection and environmental protection. Their high toxicity has stimulated the continuing interest in methodology research for determination of Ra isotope in various media. Radium is a radioactive element for which no stable isotope is known. The mass numbers of the known isotopes range from 206 to 230. Among them, two radium isotopes, 226 Ra and 228 Ra are very significant from a radiological protection viewpoint due to their relatively long half-lives, presence in nature, and high dose conversion factors. Radium isotopes are important because they can be easily incorporated into bones due to having similar properties to other elements from Group II (i.e. calcium) and produce short lived radionuclides of high massic activity [1] . Gamma spectrometry is a useful non-destructive method that permits the simultaneous determination of many radionuclides in a bulk sample [2, 3] , without the need for complicated and time consuming radiochemical separations as undertaken for alpha spectrometry. However, it is limited by the weak emission probabilities of many potentially useful emission lines, the relatively poor efficiency of the High Purity Germanium (HPGe) detectors over a wide range of energy, the difficult task of precisely calibrating the efficiency of the detector, and the need to evaluate self-absorption effects [4] .
Barium co-precipitation is used as a method of radium analysis due to the very similar chemical properties of barium and radium. The exploitation of the ability of barium to react with an excess of sulphat ions to produce a precipitate allows the quantitative analysis of environmental activity concentrations of radium in water [5] .
In this study, rapid radiochemical separation technique for determination of isotopic 226 Ra and 228 Ra in water samples using co-precipitation with iron hydroxide is applied. The co-precipitation with iron hydroxide acts as a separator to remain radium and barium in the solution (as radium barium sulphate) and remove the interfering radionuclides such as 210 Pb and 210 Po and matrix constituents with additional co-precipitation. The activity of 226 Ra and 228 Ra on filter paper is determined by γ-ray spectrometry. Uncertainties associated with the 226 Ra and 228 Ra activities were determined.
Experimental

Instrumentation
All samples were prepared in the same size Marinilli beaker to obtain the similar counting geometry. Gammaspectrometry based on hyper-pure germanium detectors was used. The HPGe detector has a relative efficiency of 40% and full width at half maximum (FWHM) of 1 Ra 338.4 gamma emission, 911.1 and 583 keV was used. The gamma-spectrometers were calibrated using both 226 Ra point source and potassium chloride standard solutions in the same geometry as the samples [6] . Analysis of the spectra with known amounts of 226 Ra and 228 Ra allowed determination of peak widths, peak resolution and counter efficiencies at different energies and it allowed determination of counter precision, accuracy and recovery, so, two samples spiked with known amounts of 226 Ra and 228 Ra were analyzed in this study. All samples (including standard) were counted directly in the system with a suitable counting time. Data was collected through counting different types of certified reference material and also from prepared standard source solution for 228 Ra and 228 Ra.
Analytical Procedures
Concentrate 5 L of water samples to 1 L, then added 1ml 133 Ba tracer with activity (9.5 Bq/ml). Add 20 mg FeCl 3 to water sample then stir and boil for 10 min, adjust the pH to 9 by ammonium hydroxide to separate 210 Pb and 210 Po. Add 5.0 ml of barium carrier (9 mg/ml) into the sample, stir with boiling to precipitate barium sulphat by adding 10 ml of 18N H 2 SO 4 in a fine stream while stirring. Cool the solution for 30 minutes in an ice bath or allow over night settling in covered beaker [7, 8] , filter the solution which contains BaSO 4 through a tared filter. Remove the dried filter with the precipitate. Weigh the tared filter on a tared planchet to the nearest 0.1 mg. Record the weight and time. Mount the precipitate in a holder such as a ring and disk with Mylar cover. The precipitated sample, collected on the filter, should be directly analyzed by gamma-ray spectroscopy to determine 228 Ac. Then, the sample was sealed for about 4 weeks to reach secular equilibrium between radium and thorium and their progenies ( 222 Rn). Radioactivity of 226 Ra was measured by gamma spectrometry. Figure 1 illustrates the analytical procedure for the determination of radium isotopes.
Estimation of Ra Concentration in Watersamples and Uncertainty Calculation
The activity concentration of 226 Ra can be calculated from the following equation for the 351.9 keVγ-ray from 214 Pb and the 609.3 keVγ-ray from 214 Bi, respectively. The activity concentration of 228 Ra can also be calculated for 911.2 keV and 583 of the 228 Ac progeny.
where: 
Where: Y s : Chemical yield determined for the sample, Equation (2) .
The error associated with any particular counting result is determined by the use of the following equation [9] :
Ra and 1.8 mBq/l for 228 Ra.
In this case we are interested in subtracting one count from another (gross counts minus background counts) and determining the resulting % error of the NCPS (Net Count Per Second) based on the standard deviation σ value. Counting instruments typically have a confidence interval of 95%. Thus equation (2) Ra via this developed technique showed suitability for relatively rapid, cheap and accurate analysis of drinking water for the assessment of drinking water. The filter samples were analyzed using HpGe and the results were obtained from the analysis reports of the different sample spectra. Background spectrum was determined and the intensities of the major peaks were recorded to subtract from the peaks recorded for filter samples. A number of spectra were analyzed taking the formation of secular equilibrium between Bi for obtaining activity concentrations for 226 Ra and secular equilibrium between 228 Ra and its daughter 228 Ac for obtaining activity concentrations for 228 Ra.
Where: r 0Y , r sY : The net count rate at the gamma line (Y) for the background and the sample respectively, t o , t s : The real counting time of the background and the sample respectively.
Method Validation
Comparison of the chemical recovery obtained through HPGe spectrometer provides an additional QA process. The detection of these very low activities was made possible because we used the low background facility available at the laboratory and counting time were exceeding 3 days analyses. Results for both 226 Ra and 228 Ra activity concentrations determined by α-spectrometry were then compared with those obtained for the same nuclide by γ-ray spectrometry, as shown in Table 2 .
Two ground water samples from different regions (Banha and Bilbies) were analyzed to determine Ra concentrations as shown in Table 2 . Despite their low counting statistics, the data with very low counting rates did not rejected because these counts were obtained during long counting sessions (5 days). The mean radioactivity level of both 226 Ra and 228 Ra in water samples collected from Banha and Belbeis were 18.36 ± 1.08 pCi, 6.48 ± 0.68 pCi and 21.06 ± 2.16 pCi, 17.01 ± 2.57 pCi respectively. Dyck and Jonasson in 1986 study the geochemistry of radium in the environment depending on the environmental distribution of radium varies depending on its origin. Nevertheless, according to Dyck and Jonasson, the processes affecting distribution can be referring to the following main (oversimplified) equations [10] . Also, the physical and chemical characteristics of water mostly affected the radioactivity level of the radium in groundwater rather than the concentration of the parent naturally occurring nuclides in host rocks [11] . So, physical characteristics and major element compositions were determined (chemical contents, conductivities and different chemical compositions) as shown in Table 3 taking into consideration the effect of physical and chemical properties of the samples such as TDS, pH, soluble species, sulphate and bicarbonate. As shown in Table 3 , the chemical composition of water in the first sample is Ca-Mg-HCO-type water, whereas the second one is Ca-Mg-Cl-type depending on the geological area and its composition [12] . Table 4 represents the comparison of the minimum detectable activity and efficiency obtained using the gamma spectrometry with other techniques [13] such as LSC and alpha spectroscopy for the determination of 226 Ra and 228 Ra. However, this method is the first trial and in the near future, more development will considered to optimize the measuring conditions. amma spectrometric method for
